A series of anilinonaphthoquinone-based nickel complexes, Ni(C 10 H 5 O 2 NAr)(Ph)(PPh 3 ) (Ar = C 6 H 3 -2,6-Me (1c); Ar = C 6 H 3 -2,4,6-Me (2c); Ar = C 6 H 3 -2,6-Et (3c)), were synthesized and the structures of 1c-3c were confirmed by single crystal X-ray analyses. The anilinonaphthoquinone-ligated nickel complexes activated with B(C 6 F 5 ) 3 showed high activities for ethylene polymerization at 40 °C under atmospheric pressure of ethylene and gave polyethylene with long chain branches and short chain branches. The activity of these systems was decreased by lowering polymerization temperature accompanied by increase in molecular weight.
Introduction
Single-site nickel catalysts such as Shell Higher Olefin Process (SHOP) have been known as olefin oligomerization catalysts due to frequent β-hydride elimination 1 .
Although high molecular weight polyolefins were obtained by using improved SHOP catalysts, their activities were not so high 2, 3 . Since the discovery of bulky aryl-substituted α-diimine-based cationic nickel catalysts 4 nearly one decade ago, much effort has been made on the development of nickel complexes for olefin polymerization catalysts. [5] [6] [7] [8] [9] .
Neutral nickel catalysts have attracted much attention, because they show good activities for olefin polymerization without any cocatalysts [10] [11] [12] [13] [14] . These catalysts are tolerant for polar solvents such as water, therefore they are useful for 4 copolymerization of olefin with polar monomers [15] [16] [17] and emulsion polymerizations [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In these systems, neutral nickel complexes with five-membered-ring chelating structure such as anilinotoropone [29] [30] [31] and anilinoperinaphthenone 32 ligands showed higher activity for ethylene polymerization than those with six-membered ones. Although it is not obvious how the chelate size affects the catalytic activities, the decrease in polymerization activity was observed with the expansion of chelate size in the other systems reported by Keim 33 , Grubbs [10] [11] [12] [13] [14] , and Brookhart [26] [27] [28] [29] .
The other type of polymerization catalysts containing late transition metals is zwitterionic catalysts. These catalysts have the cationic metal center and the corresponding anion in the same molecule. The absence of the counter ion should 5 make the metal center more reactive toward monomers. Several zwitterionic catalysts were reported to show superior activity for oligomerization [34] [35] [36] [37] [38] and polymerization [39] [40] [41] . Some of the zwitterionic oligomerization catalysts were used in a tandem reaction 34, 37 which can synthesize branched polyethylene from only ethylene in feed.
We previously reported that a five-membered ring nickel complex chelated with 2-(2,6-diisopropylanilino)-1,4-naphthoquinone (4c) showed excellent activity for ethylene polymerization upon activation with B(C 6 F 5 ) 3 , in which the active species was speculated to be zwitterionic 42, 43 . In this study, we synthesized a series of nickel complexes bearing anilinonaphthoquinone derivatives that possessed different substituents, and evaluated their catalytic abilities for ethylene and propylene 6 polymerization to reveal the effect of the substituents on the catalytic behaviors of the complexes and on the microstructures of the resulting polymers.
Results and Discussions
Synthesis, molecular structures, and properties of anilinonaphthoquinone ligated nickel complexes. In all the complexes, the lengths of Ni-P bond are the longest around the nickel center, and the phosphorus atom is located at trans position to nitrogen. The crystal structures of the three complexes 1c-3c are almost the same with that of the complex 4c (R = i Pr, R' = H) which we reported previously. These chemical shifts suggested that B(C 6 F 5 ) 3 should selectively react with the
Polymerization study
The anilinonaphthoquinone-based nickel complexes 1c-3c did not conduct ethylene polymerization at an atmospheric pressure of ethylene, and exhibited low activity (trace) when the ethylene pressure was increased to 9 atm in the case of 3c. In contrast, the preactivation of the complexes 1c-3c with four equivalents of B(C 6 F 5 ) 3 at 80 °C for 20 min dramatically enhanced their catalytic activities for ethylene polymerization.
The excess B(C 6 F 5 ) 3 should not only coordinate on the carbonyl site of the ligand but also act as a PPh 3 scavenger to give coodinatively unsaturated nickel species.
Ethylene polymerizations were conducted at 40, 20 and 0 °C by the preactivated complexes and the results are summarized in Table 3 .
( Table 3) 13
Ethylene polymerization by the activated complexes proceeded under atmospheric ethylene pressure regardless of the complex used. Complexes 3c displayed high activity, which is comparable to that of N^O five-membered neutral nickel complex under similar polymerization conditions [29] [30] [31] [32] . The decreasing the bulkiness of 2,6-substitution on anilines, lowered the polymerization activity as well as the molecular weight of the polymer produced. Moreover, the comparison of complex 1c (run1~3) and 2c (run 4~6) indicates that the methyl substitution at 4-position of aniline increased the polymerization activity and the molecular weight of the products, which indicates that polymerization activity and molecular weight depended on the electronic state of the metal center as well as the bulkiness of 2,6-substitution on anilines.
14 Although the polymerization activity decreased at low temperature, the molecular weight of the obtained polymer vastly increased in all cases. The number of branches determined by 1 H NMR lowered as the polymerization temperature decreased from 40 °C to 0 °C, and consequently the T m values of the resulting polymers determined by DSC increased. These phenomena indicate that β-hydride elimination was more suppressed than chain growth at low temperature. The suppression of β-hydride elimination with lowering the temperature was more notable with the less bulky complex of 2,6-position substitutent on aniline. Thus, the ligand structure and polymerization temperature strongly influenced both the polymerization activity and the molecular weight of the polymer obtained.
We measured the 13 C NMR spectra of the polymers obtained at 40 °C using 1c-3c to 15 evaluate the microstructure of the polymers in detail, and the results are summarized in Table 4 . The spectra obtained were analyzed according to the literature 44-47 .
( Table 4) We have previously reported that the polyethylene produced by 4c-B(C 6 F 5 ) 3 at 40 °C possessed short chain branches (such as methyl, ethyl and propyl) and long chain branches, the results of which are shown in Table 4 Differential scanning calorimetry (DSC) analyses were performed on a Seiko DSC-220. The samples were encapsulated in aluminum pans and the data were collected from the second heating run from 25-170 ˚C at a heating rate of 10 ˚C/min.
Synthesis of Ligand 1a
The ligand was synthesized by applying the literature 
